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f partially oxidized Mn3O4-
functionalized carbon cathodes for rechargeable
Li–O2 batteries†
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High charging overpotential (low energy efficiency) is one of the most important challenges preventing the

use of current nonaqueous Li–O2 batteries. This study demonstrates direct in situ-incorporation of metal

oxides on carbon during synthesis and the associated application to nonaqueous Li–O2 battery catalysts.

The partially oxidized Mn3O4 (Mn3O4/Mn5O8)-incorporating carbon cathode shows an average

overpotential reduction of �8% charge/discharge during 40 cycles in a rechargeable nonaqueous Li–O2

cell. Here, we suggested the possibility that only a small amount of the oxide species (<5%) could show

catalytic effects during charge in a rechargeable Li–O2 cell.
Introduction

Lithium–oxygen (Li–O2) batteries have attracted considerable
scientic attention due to their high theoretical specic energy
density (�3 kW h kg�1), which could possibly satisfy the demand
for use in improved electric vehicles, if realised.1–4 However,
despite this high energy density, Li–O2 batteries present many
scientic challenges that have also prevented their commerciali-
zation, such as their large polarization, low round-trip efficiency
and poor cyclability.5–7 Typically, a reachargeable nonaqueous Li–
O2 battery is composed of a Li metal anode, a nonaqueous Li+ ion
conducting electrolyte and a porous cathode and is based on a net
electrochemical reaction (2Li+ + O2 + 2e� 4 Li2O2) with a ther-
modynamically determined reversible potential (U0 ¼ 2.96 V,
versus Li/Li+).8–10 However, there are large differences between the
theoretical and empirical potential, and this problem presents one
of the greatest challenges. Early studies on Li–O2 batteries showed
a modest overpotential (�0.3 V) for discharging but a high over-
potential (�1.5 V),11,12 and the charge overpotential is particularly
large due to decomposition of the insulating discharge product,
Li2O2.13 This overpotential results in a reduction in energy effi-
ciency (the energy released during discharging/the energy required
during charging).

Many efforts have been made to suppress this energy loss
during either the discharge or recharge process by adding a cata-
lytic substance, such as a metal and a metal oxide into the
carbon.14 However, owing to the catalytic effects of certain mate-
rials, the use of precious metals (Pt, Au, Ru etc.) and the complex
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routes used to synthesize metal oxides are undesirable.15,16 In
addition, when only mechanical mixing of catalysts containing
carbon is employed,17 electronic conductivity of the cathodes and
inappropriate contact between the catalyst/carbon interfaces
results. Furthermore, the metal/carbon ratio needs to be carefully
controlled for heavy metals during the mixing process, as it can
cause a decrease in the gravimetric energy density.18,19

This study demonstrates the direct in situ-incorporation of
metal oxides on carbon during synthesis and the associated
application to nonaqueous Li–O2 battery catalysts. The partially
oxidized Mn3O4 (Mn3O4/Mn5O8)-incorporated carbon cathode
shows an average reduction of �8% charge/discharge over-
potential during 40 cycles in a rechargeable nonaqueous Li–O2 cell.
Experimental
Preparation of materials

The detailed preparation procedure for partially oxidized
Mn3O4 (Mn3O4/Mn5O8)-incorporated carbon is shown in
Scheme 1. Manganese(II) acetate tetrahydrate ((CH3COO)2-
Mn$4H2O-98%, Daejung) was dissolved in ethanol (99.9%,
Daejung). Carbon paper (P50, AvCarb®) was dipped in the
manganese acetate solution and then dried, and themanganese
acetate-immersed P50 was heated at 300 �C in air for 10 h.
Manganese oxide-functionalized P50 was obtained, and the
manganese oxide was determined as being partially oxidized
Mn3O4 (Mn3O4/Mn5O8)-functionalized carbon using X-ray
photoelectron spectroscopy (XPS), transmission electron
microscope (TEM), and X-ray diffraction (XRD) patterns.

TEGDME (tetraethylene glycol dimethyl ether, $99%) was
purchased from Sigma-Aldrich and dried over a freshly acti-
vated molecular sieve with a 4 Å pore size. LiTFSI (bis(tri-
uoromethane)sulfonimide lithium salt, Sigma-Aldrich) was
dried in a vacuum oven at 150 �C for 24 h. P50 carbon paper was
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Partially oxidized Mn3O4 (Mn3O4/Mn5O8)-incorporated carbon preparation procedure.

Fig. 1 TG-DTA curves of (a) P50 in nitrogen, and (b) manganese(II) acetate tetrahydrate in air.
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purchased from AvCarb®. Carbon cathodes were dried in
a vacuum oven (150 �C) and transferred to an Ar-lled glove box
for cell fabrication.
Characterization of materials

Morphology and elemental mapping were conducted using
eld-emission transmission electron microscopy (FETEM)
(Philips Tecnai F20) at 200 kV; XPS analysis was conducted
using Al Ka as the X-ray source (Thermo VG Scientic instru-
ment, Multilab 2000); the powder X-ray diffraction pattern
(XRD) of prepared samples was measured using a PANalytical
X'Pert PRO Multi-Purpose X-ray Diffractometer; and thermal
analysis was conducted using aMettler Toledo. X-ray absorption
spectroscopy (XAS) was performed using a Rigaku Model R-XAS.
Fig. 2 XRD pattern of Mn-acetate heated at 300 �C for 10 h in air.
Fabrication of Li–O2 cells

Swagelok-type cells were composed of a Li metal anode (Honjo
Metal Co.) with carbon (AvCarb P50) as the prepared cathode
and the GF (GF/C™, Whatman™) as a separator and the cell
fabricated in an Ar-lled glove box (MBraun, H2O < 1 ppm).
High purity oxygen gas (>99.999%) was blown into the carbon
cathode through a capillary (inlet) attached to the upper side of
the Swagelok®-type cells and then out of the cathode through
another capillary (outlet), to replace argon with oxygen within
the cell. An oxygen environment of �1.5 bar was maintained
during discharging and charging by opening the inlet capillary
and closing the outlet. Electrochemical properties for the
This journal is © The Royal Society of Chemistry 2018
assembled Li–O2 cells were analysed using a VMP3 potentiostat
(Biologic Science Instrument).
Results and discussion

Fig. 1 shows TG-DTA curves of (a) P50 in nitrogen and (b)
manganese(II) acetate tetrahydrate in air. The TG curve (Fig. 1a,
green) of P50 shows a weight loss of �30% at �600 �C, and the
corresponding endothermic peak is shown in the DTA curve
(Fig. 1a, blue). This weight loss implies the occurrence of
RSC Adv., 2018, 8, 22226–22232 | 22227
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Fig. 3 XPS survey scan analysis of (a) pristine P50 and (b) partially
oxidized Mn3O4-functionalized P50. Fig. 5 XANES spectra of (a) the partially oxidized Mn3O4-functional-

ized P50, (b) the powder of Mn-acetate heated at 300 �C for 10 h in air
and, the references corresponding to Mn3O4, Mn2O3, MnO2 and MnO.
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moisture desorption, thermal desorption of organic and inor-
ganic matter absorbed by activated carbon, and oxidation of
amorphous carbon.20 In the TG-DTA curves shown in Fig. 1b, it
is evident that manganese(II) acetate tetrahydrate begins to lose
water at around room temperature to produce anhydrous salts
that are then decomposed to MnO at about 320 �C.21 To conduct
a thermal analysis, an annealing temperature of 300 �C was
used for the direct in situ-incorporation of manganese oxides on
carbon during synthesis, as carbon paper (P50) is drastically
oxidized at temperatures over 400 �C. Fragments of partially
oxidized P50 were observable in the sample heated at 400 �C;
this sample showed poor electrochemical properties, as evi-
denced in Fig. S1 (in the ESI†).

The incorporation of manganese oxide to carbon in the nal
product was conrmed by X-ray diffraction (XRD); however, it
was not possible to obtain a distinct diffraction pattern of
manganese oxide, as shown in Fig. S2 (in the ESI†), as the
manganese-oxide included only a few amount (4.33 w%,
Fig. 4 Curve-fitted XPS Mn 2p of (a) pristine P50, (b) partially oxidized
Mn3O4-functionalized P50, and (c) powder of Mn-acetate heated at
300 �C for 10 h in air.

22228 | RSC Adv., 2018, 8, 22226–22232
element analysis by TEM). Fig. 2 shows the XRD pattern of Mn-
acetate when heated only to 300 �C; the powder is veried as
a composite of major-Mn3O4/minor-Mn5O8. Based on this
result, it was hypothesized that the nal product of partially
oxidized Mn3O4 (Mn3O4/Mn5O8)-incorporated carbon could be
obtained (as shown in Scheme 1).

The precise stoichiometry of themanganese oxide-incorporated
carbon obtained was then further investigated using XPS. Fig. 3
shows XPS survey scan analysis at a binding energy range between
0 and 1400 eV, where there is no evidence of Mn-related signals in
the pristine P50 (Fig. 3a). However, the manganese oxide-
functionalized P50 clearly shows doublet splitting of Mn 2p3/2
and Mn 2p1/2 at binding energies of 642.18 eV and 654.21 eV,
respectively, as shown in Fig. 3b.22VariousMn ionic species exist in
the sample of partially oxidized manganese oxide-incorporated
carbon, and the position and intensity of the XPS peaks are
considered to identify a consistent oxide formula.
Fig. 6 XANES spectra of (a) the partially oxidized Mn3O4-functional-
ized P50, (b) the powder of Mn-acetate heated at 300 �C for 10 h in air
and, the references corresponding to Mn3O4, Mn2O3, MnO2 and MnO.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 shows the curve-tted XPSMn 2p. There is no signal that
indicates a series of manganese oxides in the pristine P50 sample
(Fig. 4a). Fig. 4b shows the curve-tted Mn 2p of the partially
oxidized Mn3O4-functionalized P50, which was prepared as illus-
trated in Scheme 1 (with a heating temperature of 300 �C). Fig. 4c
shows results ofMn-acetate powder heated at 300 �C for 10 h in air,
which was examined by XRD and determined as a composite of
major-Mn3O4/minor-Mn5O8. XRD did not conrm the presence of
manganese oxide in the sample of the partially oxidized Mn3O4-
functionalized P50, due to the low amount of manganese oxide
present. However, the XPS signal was analogous in samples of the
partially oxidized Mn3O4-functionalized P50 (Fig. 4b) and the
powder of Mn-acetate heated at 300 �C for 10 h in air (Fig. 4c). The
oxidation states of the Mn atom in manganese oxides were then
further examined by peak deconvolution, on the assumption that
the intensity ratios related to Mn2+ and Mn4+ have corresponding
peak positions of 641.98 and 643.52 eV, respectively.

Based on the similarity of the XPS signal for both samples
(Fig. 4b and c), it was considered that the species of functionalized
Fig. 7 HR-TEM images of (a and b) pristine P50 and (c and d) partially o

This journal is © The Royal Society of Chemistry 2018
manganese oxides were a composite of major-Mn3O4/minor-
Mn5O8; this was conrmed by XRD analysis.

To elucidate further on the oxidation state of the manganese
oxide-incorporated carbon obtained, X-ray absorption near-edge
structure (XANES) analysis was conducted. Fig. 5 shows XANES
spectra of the partially oxidized Mn3O4-functionalized P50 (a), the
powder of Mn-acetate heated at 300 �C for 10 h in air (b) and the
references corresponding to Mn3O4, Mn2O3, MnO2 and MnO. The
observed Mn valence in the partially oxidized Mn3O4-functional-
ized P50 (Fig. 5a) and the powder of Mn-acetate heated at 300 �C
for 10 h in air (Fig. 5b) shows similarity, and the XANES spectra of
both samples are analogous to the Mn3O4 reference (Fig. 5). The
XANES spectra of Mn2O3 (Mn+3 state) shows slightly higher state
than the partially oxidized Mn3O4-functionalized P50 of which
oxidation state is clearly less than Mn+4 (MnO2), but greater than
Mn+2 (MnO) as depicted in Fig. 4. This trend is clearly in accor-
dance with the XPS characterization.

The extended X-ray absorption ne structure (EXAFS) spectra of
the partially oxidized Mn3O4-functionalized P50 (Fig. 6) provide
xidized Mn3O4-functionalized P50.

RSC Adv., 2018, 8, 22226–22232 | 22229
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further information about the related phases. Fig. 6 shows the
EXAFS spectra of the partially oxidized Mn3O4-functionalized P50
(a), the powder of Mn-acetate heated at 300 �C for 10 h in air (b)
and the references corresponding to Mn3O4, Mn2O3, MnO2 and
MnO. The EXAFS results are also in the similar context for dening
our prepared sample as the partially oxidized Mn3O4-functional-
ized P50. The EXAFS spectra of the partially oxidized Mn3O4-
functionalized P50 (Fig. 6a) is analogous to the sample of Mn-
acetate heated at 300 �C for 10 h in air (Fig. 6b) of which feature
well matches that of Mn3O4 (Fig. 6). Unfortunately the detailed
local environment of Mn in the partially oxidized Mn3O4-func-
tionalized P50 cannot be easily investigated by EXAFS due to its
little amount of manganese oxide contents. This XANES and
EXAFS results clearly follow the trend observed with XPS and XRD
characterization in which our prepared sample in the procedure
Fig. 8 (a) Dark field (b) elemental mapping images and corresponding ele
Mn3O4-functionalized P50.

22230 | RSC Adv., 2018, 8, 22226–22232
(Scheme 1) dened the partially oxidized Mn3O4-functionalized
P50.

The particles and shape of partially oxidized Mn3O4-func-
tionalized P50 were conrmed using HR-TEM. Fig. 7 shows HR-
TEM images of (a and b) pristine P50 and (c and d) partially
oxidized Mn3O4-functionalized P50. The absence of particles is
evident, and only amorphous carbon exists on the carbon
nanober in the pristine P50 sample (Fig. 5a and b). However,
Fig. 7c and d show that the nanoparticles of manganese oxides
are well dispersed in amorphous carbon in the partially oxidized
Mn3O4-functionalized P50. The solid contact formed during the
in situmethod between carbon and oxide-particles led to catalytic
effects (reduction of the overpotential), despite the inclusion of
a few manganese oxides in the carbon for application to
rechargeable Li–O2 batteries. A dark-eld TEM image (Fig. 8a)
mental mapping images for (c) C, (d) O, and (e) Mn of partially oxidized

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 (a) First discharge/charge graph and (b) cycle performances and energy efficiency for nonaqueous Li–O2 cells.
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also shows amorphous carbon on carbon nanober features, and
this was conrmed by elemental mapping for C (Fig. 8c), O
(Fig. 8d) and Mn (Fig. 8e), respectively. In pristine P50 (Fig. S2 in
the ESI†), there are no manganese elements, however the Mn
element is seen dispersed on the assignment of the dark eld
image (Fig. 8a), which is also shown in Fig. 8e. This evidence also
demonstrates that manganese oxide is well-functionalized on the
carbon surface.

Fig. 9 shows the electrochemical properties at a current of 0.1
mA for 5 h (limited capacity: 0.5 mA h); (a) rst discharge/charge
proles and (b) cycle performances and energy efficiency for
nonaqueous Li–O2 cells. The pristine and partially oxidized
Mn3O4-functionalized P50 cathodes in the Li–O2 cells (Fig. 9a)
show an average discharge potential of 2.6 V, which is similar to
that determined in previous reports.22–24 However, Fig. 9a shows
a reduction in the charge overpotential: during charging, the
energy efficiency of �8% is increased in the cell where partially
oxidized Mn3O4-functionalized P50 is applied to cathodes (red),
compared to the pristine one (black). This increased energy
efficiency is maintained during 40 cycles, although the degree
decreases as the cycling proceeds, as shown in Fig. 9b.
Conclusion

In this study, partially oxidized Mn3O4-functionalized P50 was
prepared by dipping carbon paper (P50) in Mn-acetate solution
and heating at 300 �C to apply manganese oxide directly on the
carbon. Results showed an improvement in the contact between
carbon and the oxide, but only a small amount of the oxide
species (<5%) showed catalytic effects during charge in
a rechargeable Li–O2 cell. This study proposes a simple
synthetic route involving oxide application to the carbon
surface. Results show that the reduced gravimetric capacity for
heavy metal is relieved when using oxide catalysts in Li–O2 cells.
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